Premature children born with very low birth weight (VLBW) can suffer chronic hypoxic injury as a consequence of abnormal lung development and cardiovascular abnormalities, often leading to grave neurological and behavioral consequences. Emerging evidence suggests that environmental enrichment improves outcome in animal models of adult brain injury and disease; however, little is known about the impact of environmental enrichment following developmental brain injury. Intriguingly, data on socio-demographic factors from longitudinal studies that examined a number of VLBW cohorts suggest that early environment has a substantial impact on neurological and behavioral outcomes. In the current study, we demonstrate that environmental enrichment significantly enhances behavioral and neurobiological recovery from perinatal hypoxic injury. Using a genetic fate-mapping model that allows us to trace the progeny of GFAPϩ astroglial cells, we show that hypoxic injury increases the proportion of astroglial cells that attain a neuronal fate. In contrast, environmental enrichment increases the stem cell pool, both through increased stem cell proliferation and stem cell survival. In mice subjected to hypoxia and subsequent enrichment there is an additive effect of both conditions on hippocampal neurogenesis from astroglia, resulting in a robust increase in the number of neurons arising from GFAPϩ cells by the time these mice reach full adulthood.
Introduction
Approximately 1% of children born in the United States are premature and born at a very low birth weight (VLBW). Clinically, VLBW children exhibit a range of neurological and behavioral disturbances, including decreased brain volume, white matter abnormalities, and developmental delays. These perturbations are thought to be a consequence of chronic hypoxic injury due to immature lung development. Remarkably, a substantial portion of VLBW children are able to recover from these abnormalities over time, and some of them attain normal cognitive function by the time they reach early adulthood (Saigal and Doyle, 2008; Luu et al., 2011) . However, the factors that contribute to heterogeneity in long-term outcomes are not known. The current study attempts to elucidate the underlying cellular mechanisms by using a mouse model of perinatal hypoxia that mimics the injury and recovery observed in VLBW children.
Emerging evidence suggests that various types of injury, such as hypoxic and/or ischemic insults, induce strong proliferative and neurogenic/gliogenic responses in the subgranular zone of the hippocampal dentate gyrus (DG), a postnatal neurogenic niche (Kuhn et al., 2001; Sharp et al., 2002; Parent, 2003; Fagel et al., 2006; Yang and Levison, 2006; Kernie and Parent, 2010) . In the postnatal brain, neural stem cells (NSCs) are a subset of glial fibrillary acidic protein (GFAP)-expressing astrocytes (Doetsch et al., 1999; Seki and Arai, 1999; Seri et al., 2001; Alvarez-Buylla et al., 2002; Filippov et al., 2003; Imura et al., 2003; Garcia et al., 2004) . Neural stem cells give rise to transient-amplifying progenitors that express neuronal lineage makers and generate new neurons throughout life (Belachew et al., 2003; Hack et al., 2005; Hevner et al., 2006; Brill et al., 2008; Rivers et al., 2008) .
To study the cellular and molecular mechanisms that confer higher inherent plasticity to the DG, allowing for a more adaptive response to brain injury, we investigated the fate of GFAPϩ astroglia in the DG by tagging these cells with heritable reporter genes via tamoxifen-inducible Cre recombinase in GFAPCreER T2 (GCE) transgenic mice. In addition, because environmental enrichment with exercise has been demonstrated to increase hippocampal neurogenesis in adulthood (Kempermann et al., 1997; van Praag et al., 1999a; Olson et al., 2006) , we assessed the influence of enriched environment on the recovery process after perinatal hypoxic injury. Number and self-renewal of hippocampal GFAPϩ neural stem cells, as well as phenotype and long-term survival of the new neurons arising from these cells, were examined in both hypoxic and hypoxic enriched mice. Finally, we examined the functional outcome of hypoxic injury and subsequent enriched rearing on cognitive and emotive behavioral tasks.
We show that perinatal hypoxia enhances the proportion of new neurons arising from GFAPϩ astroglial cells and correspondingly decreases the proportion of GFAPϩ astrocytes among fate-mapped cells. The newly generated neurons persist long-term in the DG. Rearing the animals in enriched environment induces a large, additive increase in neurons derived from GFAPϩ cell within the DG. We suggest that the effect of enrichment is attributable to a potent increase in proliferation and survival of neural stem cells.
Materials and Methods
Generation of mice, genotyping, and breeding strategy. The GCE mice were generated as previously described and back-crossed to C57/B6 mice 10 generations Bi et al., 2011) . GCE transgenic mice carry a Cre recombinase-estrogen receptor type 2 fusion protein, CreErT2, placed under control of the human GFAP promoter, which is active in radial glia, astrocytes, and adult neural stem cells (Brenner, 1994; Ganat et al., 2006) . Genotyping was done by PCR using primers to the Cre gene (5Ј-GCAACGAGTGATGAGGTTCGCAAG-3Ј) (forward) and (5Ј-TCCGCCGCATAACCAGTGAAACAG-3Ј) (reverse) to generate a band of 307 bp Bi et al., 2011) . GCE mice were crossed with either the R26R LacZ reporter mice (Soriano, 1999) (available from The Jackson Laboratory) or the CAG-eGFP reporter mice (where eGFP is enhanced green fluorescent protein) (Nakamura et al., 2006) . Numbers of animals used in experiments ranged between three and six per group, as indicated in Results. Littermates negative for the CAG-eGFP gene were used for behavioral experiments. All animal experiments comply with institutional and national policies and guidelines.
Induction of Cre recombination via tamoxifen treatment. To induce Cre recombination in GFAP promoter-expressing cells, GCE mice crossed with reporter lines were injected daily from postnatal day 12 (P12) to P14 intraperitoneally with tamoxifen at a dosage of 60 mg/kg from a 2 mg/ml stock solution prepared in autoclaved sunflower seed oil and stored at Ϫ20°C.
Hypoxic rearing. Mice (males and females) were placed in a chamber maintaining a 9.5-10.5% O 2 concentration by displacement with N 2 as described previously (Fagel et al., 2006) . Hypoxia began at P3 for 8 d until P11. A separate group of control (normoxic) mice were matched for strain and age. Mice were sacrificed at P15, P16, P35, or P90. Mice were perfused transcardially with 20 ml of PBS followed by 25 ml of 4% paraformaldehyde (PFA). Brains were post-fixed overnight in 4% PFA, followed by equilibration in a 30% sucrose solution overnight for cryoprotection, and stored at Ϫ80°C.
Enriched environment. Following hypoxic or normoxic rearing conditions, male and female mice were placed under either enriched or standard housing until sacrifice. Enrichment was maintained for 2 weeks from P21 to P35 or for 10 weeks from P21 to P90. All groups were counterbalanced for previous hypoxic experience; therefore four groups of animals were generated: normoxic standard environment (NSE), normoxic enriched (NEn), hypoxic standard environment (HSE) and hypoxic enriched (HEn). Environmental enrichment consisted of a larger cage (10" ϫ 19" ϫ 8" h), a running wheel, and several plastic toys, including hanging objects, balls, and modular plastic tunnels, that were changed and reconfigured weekly during routine cage cleaning. Animals were group housed in both the standard and enriched paradigms.
Behavioral testing. To assess the functional outcome of both hypoxia and enriched environment, GCE;CAG-negative littermates of mice used in the fate-mapping experiments were tested on the open field and Morris water maze tests at P35.
Mice were brought to the behavioral testing room in their home cages at least 30 min before testing to acclimatize them to the testing environment. Mice were then placed in an open field (26 ϫ 48 cm) under bright overhead lights and allowed to explore freely for 20 min. Distance and time spent in the periphery and center of the open field as well as freezing bouts and immobility were all assessed using the AnyMaze software tracking system (Stoelting). Following this, mice were tested on a shortened Morris water maze protocol adapted from J. Nunez, Michigan State University, East Lansing, MI (Nunez, 2008) . Briefly, mice were placed in each of the four quadrants of the water maze in random order. The platform remained in a fixed location until the probe trial. Mice received two sets of six trials separated by a 1 h break. Each trial (intertrial interval was 10 min) ended either when they found the platform or after 60 s had elapsed. Mice that did not find the platform during the first trial were gently guided to the platform and removed from the platform after 5 s. Ten minutes following the 12th trial, the platform was removed and memory retention for the platform location was tested with a 60 s probe trial. We assessed both the number of trials it took for Ͼ50% of the animals in a group to find the platform (the rate of acquisition) and the quadrant preference during the probe trial (memory test-presented as both percentage of time spent in the target quadrant and a probe preference score).
2-Bromodeoxyuridine, chlorodeoxyuridine, and iododeoxyuridine treatment. To assess the effect of environmental enrichment on cell survival, normoxic mice were injected with the thymidine analog chlorodeoxyuridine (CldU) (100 mg/kg) twice on P15 and P16, before the onset of enrichment. Cell proliferation was assessed by injecting the thymidine analog iododeoxyuridine (IdU) (100 mg/kg) 1 h before sacrifice at P35.
Tissue preparation and immunohistochemistry. Serial 20 m cryosections were obtained as described previously . For immunohistochemistry, sections were blocked in PBS containing 0.3% Triton (PBS-T) containing 10% goat serum (10% GS/PBS-T) or 10% donkey serum (10% DS/PBS-T), and then incubated in primary antibody in 10% GS/PBS-T or DS/PBS-T. For a list of primary antibodies, see Table 1 . Sections were washed thoroughly and then reacted to the secondary antibody of the appropriate species. The secondary antibodies used were as follows: Alexa Fluor 488-, Alexa Fluor 594-, Alexa Fluor 350-, Alexa Fluor 546-, and Alexa Fluor 632-conjugated species directed IgGs (Invitrogen) and FITC-, DyLight 549-and DyLight 649-conjugated species directed IgGs (Jackson Laboratories), all at 1:500 dilution. For BrdU/CldU/IdU immunostaining, sections were incubated for 45 min in 2 N HCl, followed by washes and immunohistochemistry as described above.
Cell counting and microscopic analysis. Unbiased estimates of cell number were obtained via a Zeiss Axioskope 2 Mot Plus (Carl Zeiss) attached to a motorized stage and connected to a computer running the StereoInvestigator software (MicroBrightfield). Serial sagittal sections (one every 600 m) were used for all counts. Contours of the dentate gyrus were drawn at 10ϫ magnification. Nuclear profiles of stained cells were counted using the optical fractionator probe with a 40ϫ oil immersion objective. Sampling grids sized 300 ϫ 135 m were used to obtain a relatively constant number of cells sampled and obtain a coefficient of error Յ0.5. This systematic yet unbiased method provides an estimate of cell density and number that is independent from cell size, shape, orientation, tissue shrinkage, and spatial distribution of the cells (Schmitz and Hof, 2005) . Tri-dimensional sampling boxes or (100 ϫ 100 ϫ 10 m) with three of six exclusion borders (Gundersen et al., 1988; West, 1993) were automatically placed by StereoInvestigator at each grid intersection point. The density for each cell type was calculated by dividing the total number of cells by the total volume sampled. Image acquisition and Z-stack analysis was performed on an ApoTome-equipped Axiovert 200M with Axiovision 4.5 software (Carl Zeiss). Statistical analyses. All data were analyzed using Statview 4.51 or SPSS 16.0.2 software. T tests or factorial ANOVA were used as necessary, with level of enrichment (enriched or not) and/or hypoxia (hypoxic or normoxic) as independent variables. The density of cells/region, total overall number of cells, and, where appropriate, the percentage colocalization with ␤-galactosidase (␤gal) or eGFP reporter were analyzed. F values were considered significant when p Յ 0.05. Post hoc analyses using Fisher's least significant difference were conducted when p values reached significance. Planned comparisons were conducted to confirm previously published results when omnibus F scores were not significant.
Results

Characterization of the original population of reporter-tagged cells in the DG
To track the fate of GFAPϩ astroglial cells after hypoxic injury in the immature brain, we used a genetic fate-mapping technique that we have previously employed to characterize cerebral cortical recovery following hypoxic injury (Bi et al., 2011) . GCE mice carrying either the R26R or the CAG-CAT-eGFP reporter genes were reared continuously in 10 or 20% oxygen environment (hypoxia and normoxic, respectively) from P3 to P11, then injected daily with tamoxifen (60 mg/kg) from P12 to P14 to induce either ␤gal or eGFP gene expression in cells with GFAP promoter activity. Tissue was analyzed at P15 (n ϭ 4 for both groups) Bi et al., 2011) . Although we have previously observed no differences in reporter induction between normoxic and hypoxic groups using this model (Bi et al., 2011) , these observations were primarily conducted in the cortex and subventricular zone; therefore, we confirmed that this was also true of the dentate gyrus. As expected, GCE;reporterϩ mice that did not receive tamoxifen demonstrated no recombination, regardless of the survival time after vehicle administration ( Fig. 1 A, B) . One day after the last tamoxifen injection (P15), 95.7 Ϯ 3.1 and 92.7 Ϯ 0.9% of the cells expressing the ␤gal reporter also expressed GFAP protein in the DG in normoxic and hypoxic animals, respectively ( Fig. 1C-E) . At the same age, no reporterϩ cells were colabeled with mature markers for neurons (NeuN) or oligodendrocytes (RIP) in the hippocampus of either normoxic or hypoxic conditions (Fig. 1 F-H and data not shown) . These data are consistent with our previous examination of the cerebral cortex of GCE-CAG mice (Bi et al., 2011) .
Hippocampal neurogenesis from fate-mapped astroglial lineage cells increases after hypoxic injury
To assess whether hypoxic rearing alters the fate of GFAPϩ cells, GCE;R26R and GCE;CAG-eGFP hypoxic and normoxic mice were injected with tamoxifen at P12-P14 and sacrificed at P35 (n ϭ 3 for both groups).
Although the data only approached statistical significance, an increase in density of reporterϩDcxϩ neuronal progenitors and percentage Dcxϩ cells among reporterϩ cells was noted in the DG (Fig. 2 A-F ) at P35; the percentage of ␤galϩ cells expressing Dcx in the DG increased from 56.4 Ϯ 2.9 in normoxia to 68.3 Ϯ 1.7 in hypoxia ( p ϭ 0.058). To further examine the fates of GFAPϩ cells after hypoxia, we double stained reporterϩ cells at P35 with markers for mature neurons and glia. The number of reporterϩNeuNϩ cells in the DG at P35 was twofold increased in hypoxic-reared mice, implying that the number of 3-week-old DG neurons born after the insult from GFAPϩ precursors was significantly enhanced. The total number of fate-mapped new DG neurons was 1860 Ϯ 360 and 3580 Ϯ 440 in normoxic and hypoxic animals, respectively ( p Ͻ 0.05; Student's t test) (Fig.  2G-L) . The proportion of reporterϩ cells expressing NeuN also increased significantly after hypoxic rearing, from 55.7 Ϯ 0.5% in normoxia to 66.2 Ϯ 3.3% under hypoxia ( p Ͻ 0.05; Student's t test), and concomitantly the proportion of reporterϩ cells ex- pressing GFAP decreased from 49.1 Ϯ 2.2 to 35.1 Ϯ 4.8. These data suggest that hypoxic rearing increases the proportion of fatemapped astroglial cells that differentiate toward a neuronal fate.
Environmental enrichment increases neurogenesis from GFAP؉ cells
We next assessed both the ability of newly generated neurons to survive long term and the effect of environmental enrichment on their development. For these experiments, GCE mice carrying a reporter gene were reared under normoxic or hypoxic conditions until P11 and subsequently returned to standard environment or placed in enriched environment (En) upon weaning (P21) and then sacrificed at a juvenile/young adult stage (P35) or full adulthood (P90) (see Fig. 3A for a schematic outline of the experiment). For each of the four groups (normoxic standard environment, NSE; normoxic enriched environment, NEn; hypoxic standard environment, HSE; hypoxic enriched environment, HEn) we used the following number of mice: P35, ␤gal reporter: n ϭ 4 for all groups; eGFP reporter: NSE, n ϭ 3; NEn, n ϭ 4; HSE, n ϭ 6; Hen, n ϭ 4; P90, n ϭ 3 for all groups). We assessed the effect of enrichment on the number of newly generated neuronal cells arising from the GFAP lineage by analyzing Dcx and NeuN double staining of reporterϩ cells in the DG at P35. We found that hypoxia and environmental enrichment independently increased neurogenesis from GFAPϩ astroglial cells by about fourfold, and that in hypoxic enriched mice neurogenesis (both DCXϩ and NeuNϩ cells) from astroglial cells increased by Ͼ6-fold with respect to standard rearing (Fig. 3B-I, N,O) . These changes were also reflected in the total number of eGFPϩ cells, where we observed a similar pattern of results (Fig. 3Q) . In addition, hypoxic enriched mice showed a mild increase in the proportion of total granule neurons that expressed GFP from 2.2% in NSE to 3.1% in NEn, and from 3.4% in HSE to 5.6% in Hen mice at P35. Finally, a nearly additive pattern of hypoxia and enrichment on NeuNϩ cells was also observed at P90 (Fig. 3J-M, P) .
To assess whether there were population fate shifts in response to hypoxia and environmental enrichment, we also examined the proportion of reporterϩ cells that coexpressed each of the lineage markers, NeuN, Olig2, and GFAP in the four groups at P35 and found an increase in the proportion of reporterϩ cells that expressed NeuN in both hypoxic and enriched mice. This increase in proportion of GFAPϩ NSCs attaining neuronal fate seemed to be at the expense of the astroglial population, as there was a concomitant decrease in the proportion of reporterϩ cells expressing GFAP (Fig.  3R) . In contrast to our previous observations in the cortex (Bi et al., 2011) , very few GFAPϩ cells attained an oligodendroglial fate in the DG; only one or two reporterϩOlig2ϩ cells were observed in the DG per animal, and these were only seen in the enriched conditions.
Effect of hypoxia and subsequent enrichment on NSCs
Hypoxia and environmental enrichment increase neurogenesis from GFAPϩ astroglial cells in a nearly additive fashion. We wanted to understand whether this prolonged increase in neuronal production depletes the DG stem cell pool or whether this population was replenished and the number sustained. To assess this, we counted the number of reporterϩ cells that expressed Sox2, a transcription factor expressed by neural stem cells and, in a minor part, by neuronal progenitors (Avilion et al., 2003; Komitova and Eriksson, 2004; Episkopou, 2005) . We found that at 2 weeks after the onset of enrichment (P35), there was a drastic increase in the total number of fate-mapped Sox2ϩ cells in both normoxic and hypoxic enriched groups (Fig. 4 , compare A-J with K-T, quantified in U ). By contrast, the total number of fate mapped Sox2ϩ neural stem cell population did not significantly change due to hypoxia alone (Fig. 4 , compare A-E with F-J, quantified in U ).
To understand whether there are fate shifts within the neural stem cell population, we also examined the proportion of eGFPϩ cells that expressed neural stem cell and progenitor markers. We found a decrease in the proportion of eGFPϩ cells expressing Sox2ϩ in both hypoxic, standard environment-reared mice and in hypoxic enriched mice. The decrease in the proportion of eGFPϩ/Sox2ϩ cells was concomitant to an increase in the pro- portion of eGFP cells expressing Dcx following hypoxia, with and without enrichment (Fig. 4V ) . In summary, hypoxia leads to an expansion of the DCXϩ neuroblast pool but has no effects on the number of Sox2ϩ cells.
To examine whether the shift in Sox2ϩ cells toward neuronal fate is also true of the total Sox2ϩ cell population (including both reporterϩ and reporterϪ cells), we counted the proportion of total Sox2ϩ cells that were colabeled with GFAP or Dcx (Fig.  4W ,X, and scheme in Y ). We found that the percentage of Sox2ϩ cells that were also Dcxϩ increased significantly in hypoxic, standard environmentreared mice, as well as in hypoxic enriched mice, although post hoc analysis showed that this last group remained significantly lower than the hypoxic, standard reared mice (Fig. 4W ). In addition, enrichment increased the proportion of Sox2ϩ cells that were colabeled with GFAP, suggesting an increase in the stem cell pool (Fig. 4X) . Together, it would seem that hypoxia induces a shift of stem cells toward a neurogenic fate that is not specific to the fatemapped population.
Mechanisms of increased stem cell number in environmental enrichment
The increased neural stem cell number observed in response to environmental enrichment in the current study could be attained through increases in stem cell proliferation, stem cell survival, or a combination of both. To understand whether the increase in the stem cell pool in response to enrichment was due to changes in stem cell proliferation, we assessed the total number and proportion of Sox2ϩ cells that coexpress Ki67, a marker of cell proliferation at P35. As compared to animals reared in standard conditions, both enriched groups exhibited almost four times the total number of Sox2ϩKi67ϩ cells (Fig. 5A-G) , as well as a significant increase in the proportion of proliferating stem cells (Fig. 5H ) .
To further understand whether increased stem cell proliferation and survival contributed to our observations, we injected normoxic mice with two thymidine analogues, CldU given at P15 and P16 and IdU given 1 h before sacrifice. CldU, when incorporated in cells during their last mitotic division, allows us to examine the long-term survival of cells labeled before enrichment, and IdU, injected 1 h before sacrifice at P35, was given to examine cell proliferation (NSE, n ϭ 4; NEn, n ϭ 3). Coexpression of both of these markers in Sox2ϩ cells (Sox2ϩCldUϩ and Sox2ϩIdUϩ) was increased ϳ3-fold in enriched mice at P35, two weeks after the onset of enrichment (Fig. 6 ). This suggests that both stem cell survival and cell proliferation contribute to the increased neurogenesis observed in response to environmental enrichment and that enhanced neurogenesis did not deplete the Sox2ϩ progenitor pool.
Behavioral testing
The four groups were tested for spatial memory using the Morris water maze task (NSE, n ϭ 9; NEn, n ϭ 10; HSE, n ϭ 6; HEn, n ϭ 9). Results showed that the rate of acquisition of new spatial information on the Morris water maze was significantly slower . Hypoxia pushes stem cells to a neuronal fate, whereas enrichment increases the total stem cell pool. A-T, Representative Sox2/GFAP/eGFP immunostaining for all four groups; note the increase in number of Sox2ϩ cells expressing GFAP with environmental enrichment. U, Environmental enrichment also increased the number of reporterϩ/Sox2ϩ cells in both normoxic and hypoxic reared mice. V, Proportion of reporterϩ cells that attain an immature neuronal (DCXϩ) or stem cell (Sox2ϩ) fate is shown across groups. W, The percentage of Sox2ϩ stem cells that were committed to a neuronal lineage (colocalized with DCX) increased with hypoxic rearing, and this effect was attenuated with enrichment. X, The percentage of Sox2ϩ stem cells that remained in the NSC lineage (colocalized with GFAP) increased with enrichment. Y, Schematic representation of cell lineages arising from fate mapped GFAPϩ astroglia. * denote significant increases from NSE; ** denotes significant increase from both NSE and HSE groups; -denotes significance from all other groups.
for the hypoxic, standard-reared mice; 50% of the mice were successful in reaching the platform within 60 s only by the seventh trial, whereas 50% of normoxic, standard-reared mice were successful by the end of the fourth trial. Interestingly, when hypoxic mice were reared in an enriched environment, they were no different from normoxic, standard-reared mice. The normoxic-enriched group reached criterion the fastest, by the second trial (Fig. 7A) . During the probe trial for memory retention, hypoxic, standardreared mice showed a decreased preference for the target quadrant, indicating decreased recall for the platform location, whereas those hypoxic mice reared in an enriched environment were no different from both normoxic groups (Fig.  7 B, C) .
In addition to cognitive deficits, VLBW children have also been shown to have an increased risk for anxiety disorders throughout the lifespan (Johnson et al., 2010; Lund et al., 2011) . To assess whether our model of perinatal hypoxia also results in increased anxiety behavior, we assessed mice in the open field task at P35. We found that mice exposed to hypoxic conditions showed increased anxiety-like behavior, spending less time and traveling less distance in the center of the open field, regardless of whether mice were environmentally enriched subsequent to hypoxic injury (Fig. 7 D, E) . Taken together, these data demonstrate that hypoxic rearing results in cognitive and emotional deficits and that although the memory deficits can be reversed through as little as 2 weeks of environmental enrichment following hypoxic injury, anxiety behavior remains elevated regardless of enrichment status.
Discussion
The current studies used assays for cell proliferation, BrdU birthdating studies, and genetic fate mapping techniques to examine the fate of hippocampal GFAPϩ astroglial cells after perinatal hypoxic insult and subsequent rearing in standard or enriched environment. We show that GFAPϩ cells in the juvenile period (P12-P15) generate astrocytes and neurons in the hippocampal DG, consistent with previous data indicating that hippocampal NSCs express GFAP. Chronic perinatal hypoxia shifts the long-term differentiation of juvenile GFAPϩ cells from an astrocytic to a neuronal fate. Rearing juvenile animals in an enriched environment, regardless of previous hypoxic experience, induced a long-lasting sixfold increase in the total number of hippocampal neurons generated from astroglial cells in the DG that persisted until adulthood. We have found that this effect of enrichment could be attributed to an increase in the stem cell pool due to increased NSC proliferation and survival.
The mouse model of perinatal hypoxia that we employ is unique in that it is probably the best model for brain injury in VLBW premature children (Vaccarino and Ment, 2004; Scafidi et al., 2009) , which are now ϳ1.5% of all children born in the USA (Ment and Constable, 2007; Luu et al., 2009 ). Unlike models of neonatal stroke, chronic hypoxic injury is a more generalized insult; it does not seem to induce local acute effects such as reactive gliosis or focal leukomalacia, although it does have abnor- . Environmental enrichment increases stem cell proliferation and survival. GCE;R26R and GCE;eGFP normoxic-reared mice were tamoxifen injected from P12-14, subsequently injected with CldU from P15-16 (to examine cell survival) (see schematic outline in Fig. 4 A) , reared in enriched or standard environment from P21-P35, and then injected with IdU 1 h before sacrifice (to examine cell proliferation) at P35. Both Sox2ϩ cell proliferation (A-C) and Sox2ϩ cell survival (D-F ) were significantly increased in enriched mice. * denote significant increases from NSE. malities in white matter development, including delayed maturation of oligodendrocytes and abnormal myelination (B. Jablonska, J. Scafildi, A. Aguirre, F. Vaccarino, E. Borok, T. Horvath, V. Gallo, unpublished observation). Interestingly, among the best predictors of positive outcome in VLBW children are a two-parent household and an increased level of maternal education (Ment et al., 2003) . This raises the important question of the mechanisms by which increased environmental stimulation of VLBW children months and years after the perinatal insult improves recovery (Ment et al., 2003) . It has been well documented in adult rodents that environmental enrichment not only increases cell proliferation and neurogenesis, but increases the ability of new neurons to differentiate, integrate, and mature in the DG (Kempermann et al., 2004) . However, the cognitive and neurobiological effect of environmental enrichment during development and, in particular, its ability to interact with prior hypoxic injury has not been investigated. Our fate mapping studies show that environmental enrichment for 2 weeks increased the number of neurons generated from astroglial cells in the DG at P35 but did not augment the neurogenic effect of hypoxia. Interestingly, extending the enrichment until full adulthood (P90) increased neurogenesis in both normoxic and hypoxic mice, and the effects of hypoxia and enrichment appeared independent and additive. It is likely that the increase in total number of fate-mapped neurons described here is a gross underestimation of the neurogenesis that occurs in response to hypoxia and environmental enrichment. The population of fatemapped neurons that we observe arise from GFAPϩ cells labeled from P12-P14 only; furthermore, the targeting efficiency of the GCE transgene is not 100% . Therefore, these neurons likely represent a small fraction of the total neurogenesis induced by hypoxia and enrichment in these mice. Indeed, at P35, we show that the proportion of fate-mapped neurons relative to the total number of granule neurons ranges across groups from ϳ2 to 6%, whereas a recent study by Cushman et al. (2012) demonstrates that the proportion of total DG neurons born from GFAPϩ cells was 24% at 2 months of age, suggesting that we are capturing about one-fourth of the total number of neurons arising from GFAPϩ precursors (Cushman et al., 2012) .
Increased neurogenesis can be attributed to a shift in fate of the GFAPϩ stem cells toward the neuronal lineage or to a change in progenitor proliferation or neuronal survival. Moreover, increased neurogenesis will, over the long term, deplete the astroglial stem cell population unless these cells self-renew via asymmetric division. We find that hypoxia induced a fate shift in Figure 8 . Schematic representation depicting hypoxia-and enrichment-induced changes in astroglial lineage. There is an increase in the number of neuronal cells in hypoxic-reared as well as normoxic enriched mice, shown in purple (DCXϩ) and blue (NeuNϩ). HEn mice show the greatest increase in total number of reporterϩ neurons, suggesting an additive effect of hypoxia and enrichment on neurogenesis arising from GFAPϩ cells. HSE mice show a greater proportion of the stem cell pool that is committed to the neuronal lineage (Sox2ϩDCXϩ, shown in red); this effect remains apparent in hypoxic mice that were subsequently enriched. In NEn mice there is no change in fate potential of NSC but rather a robust increase in the total stem/progenitor cell pool (shown in green, yellow, red) that is still present in Hen mice. juvenile GFAPϩ cells away from the astroglial lineage and in favor of the doublecortin (DCX) neuronal lineage (Fig. 4V ) . Although a similar increase in total number of DCXϩ/NeuNϩ cells was seen in response to environmental enrichment, no fate shift toward the DCX lineage was observed in normoxic enriched animals. Our results show that environmental enrichment causes a robust increase in size of the astroglial stem cell population that is attributable to enhanced NSC self-renewal as well as survival, as shown by the Ki67 double labeling and CldU/IdU incorporation experiments. Hypoxic-rearing on its own does not increase the stem cell pool and, in fact, hypoxia increases the proportion of GFAPϩ and Sox2ϩ stem cells that coexpress the neuronal progenitor marker DCX (Fig. 4V,W ) , suggesting that more of these cells are committing to a neuronal fate. Subsequent exposure of hypoxic-reared animals to environmental enrichment increased the proportion of Sox2ϩ cells coexpressing GFAP (Fig. 4 X) as well as the total number of stem cells (Fig. 4U ) , suggesting that both a fate shift toward the neuronal lineage and an increase in the number of stem cells may be acting together in hypoxic enriched mice, accounting for the additive effect on the number of newly generated neurons.
Together, our results suggest that hypoxia alone increases neurogenesis by pushing the stem cell population toward a neuronal fate, whereas enrichment increases the total stem cell population. Consequently, hypoxia coupled with enrichment enables neurogenesis from GFAPϩ astroglia to rise without depleting the population of Sox2ϩ neural stem cells and maintaining their proportion relative to neuroblasts (Fig. 8) . Thus, the robust longterm increase in neurogenesis that we have observed in hypoxic enriched mice can be attributed to the hypoxia-induced neurogenic shift coupled with an overall increase in the stem cell pool observed in response to environmental enrichment. Interestingly, the increase in stem cells we have observed in response to enriched environment may be unique to the early phase of enrichment. In a recent study, Hen and colleagues (Dranovsky et al., 2011) employed a similar genetic fate-mapping model driven by a Nestin-Cre promoter and demonstrated that exposing mice to long-term environmental enrichment in adulthood leads to a similar decrease in GFAPϩ/reporterϩ cells while increasing NeuNϩ/reporterϩ cells; however, unlike our current study, they did not observe a significant increase in the total number of reporterϩ stem cells in response to environmental enrichment (Dranovsky et al., 2011) . The differential response of stem cells to enrichment observed between these studies may reflect differences in the age at which environmental enrichment was commenced (P21 in our study versus adult); however, it is also possible that it is a transient effect in response to the early phase of enrichment and, perhaps, to physical exercise with the running wheel (van Praag et al., 1999b; Kobilo et al., 2011) . Indeed, a recent study examining the fate of hippocampal Hes5ϩ cells in adult mice that were given free access to a running wheel for 12 d showed increased proliferation of reporterϩ stem cells in mice with running wheel access as compared to controls (Lugert et al., 2010) . Taken together, it seems more likely that at least in the hippocampus, the number of stem cells increase during the early phases of environmental enrichment; however, more detailed future studies examining the relative contribution of hippocampal GFAPϩ stem cells in response to environmental enrichment while controlling for age of onset, duration, and access to physical activity are needed to answer these questions.
The relative contribution of increasing the number of stem cells versus neurons to cognitive amelioration in hypoxic enriched mice remains to be determined. In the current study, hypoxic mice show a similar increase in neurogenesis as do normoxic, enriched mice, yet hypoxic mice show a slower rate of acquisition and impaired retention, suggesting that hippocampal neurogenesis alone cannot account for the differences seen in cognitive performance. These findings are in support of previous work showing that the role of neurogenesis in learning and memory, as revealed by the Morris water maze task, is not clearly defined, with some studies finding a significant relationship and others not (Shors et al., 2002) . Furthermore, it is also likely that behavioral changes in response to both hypoxia and environmental enrichment within other brain regions, such as white matter, cortex or the subventricular zone may contribute to our behavioral findings (Bi et al., 2011) .
On the other hand, the increased performance seen in both enriched groups could be related to the increased stem cell pool also observed in these groups; albeit whether this is causally related remains to be determined. Although the current paper has focused on the hippocampus and GFAPϩ cell fate, environmental enrichment impacts other mechanisms of neural plasticity in the hippocampus that could also play a causal role in enhanced learning and memory, including synaptogenesis, inhibitory tone, and dendritic spine formation (Johansson and Belichenko, 2002; Sale et al., 2007; Bednarek and Caroni, 2011) .
Longitudinal studies of VLBW children have shown that these children are more likely to be diagnosed with an anxiety disorder, even decades later (Johnson et al., 2010; Lund et al., 2011) . Results from the open field test also showed increased anxiety in our mouse model. Interestingly, these effects were not ameliorated with short-term environmental enrichment, suggesting that anxiety behavior after hypoxic injury is mediated by different neurobiological changes that are not responsive to short-term enrichment.
In conclusion, we demonstrate that subsequent environmental enrichment after hypoxic injury reverses the cognitive deficits consequential to hypoxic injury. Furthermore, hypoxic injury and environmental enrichment together increase neurogenesis in the dentate gyrus in an additive, long-term manner. Environmental enrichment increases the total stem cell population through proliferation and survival, which ultimately leads to sustained increases in neurogenesis in hypoxic, enriched mice.
